The noninvasive, quantitative ability of nuclear magnetic resonance (NMR) spectroscopy to characterize small molecule metabolites has long been recognized as a major strength of its application in biology. Numerous techniques exist for characterizing metabolism in living, excised, or extracted tissue, with a particular focus on 1 H-based methods due to the high sensitivity and natural abundance of protons. With the increasing use of high magnetic fields, the utility of in vivo 1 H magnetic resonance spectroscopy (MRS) has markedly improved for measuring specific metabolite concentrations in biological tissues. Higher fields, coupled with recent developments in hyperpolarization, also enable techniques for complimenting 1 H measurements with spectroscopy of other nuclei, such as 31 P and 13 C, , and for combining measurements of metabolite pools with metabolic flux measurements. We compare ex vivo and in vivo methods for studying metabolism in the brain using NMR and highlight insights gained through using higher magnetic fields, the advent of dissolution dynamic nuclear polarization, and combining in vivo MRS and ex vivo NMR approaches.
Introduction
H magnetic resonance spectroscopy (MRS) [1] has long been recognized as a means to monitor metabolism in the brain. Both its sensitivity and resolution improve with higher magnetic fields, and the FDA recently approved 7T systems, or ~300 MHz 1 H, for clinical MRI studies in humans. [2] Most medical facilities currently utilize 1.5 or 3 T MRI scanners (64 and 128 MHz 1 H, respectively). At these fields, metabolites with mM concentrations can readily be detected, and 7T scanners extend detection limits to below 0.1 mM. [3] Research facilities now support studies in humans at fields of up to 10.5 T with ongoing installations of magnets at 11.7 T providing exciting new platforms for continued development and exploitation of 1 H MRS. Preclinical MRI systems, supporting MRS studies in rodent models, exist up to 21.1 T, or 900 MHz 1 H. [4] Complimentary NMR experiments characterizing samples consisting of excised tissues or tissue-extracted metabolites can be performed using conventional NMR instruments with fields up to 23.5 T, or 1000 MHz 1 H, with a further increase in sensitivity down into the μM range.
Here, we compare in vivo and ex vivo techniques at fields currently attainable for NMR and preclinical MRS and discuss metabolites which can readily be detected and are of particular interest for characterizing metabolism in healthy and diseased brains. By comparing ex vivo 1 H NMR spectra of tissues and extracts at high fields to in vivo 1 H MRS at a similar field (i.e. >11T), some interesting insights emerge that suggest, with adequate technology development, 1 H MRS could become a highly sensitive tool for quantitation in real time of the majority of brain metabolites which exist at concentrations >1 mM in addition to enabling the study of several more minor metabolic species. The ability to distinguish and quantitate these metabolites is determined by their NMR characteristics, i.e. their chemical shifts, Jcouplings, relaxation rates, and their overlap with other biomolecules. Govindaraju et al [5] provide a comprehensive tabulation of chemical shifts, J-couplings, and cerebral concentration ranges for common brain metabolites. Here we focus on how these parameters, coupled with tissue localization, manifest in comparing 1 H spectra collected using a combination of in vivo and ex vivo approaches. For in vivo MRS and HRMAS NMR of intact tissues, tissue localization plays a large role in determining molecular diffusion rates as well as susceptibility to homogeneous and inhomogeneous broadening mechanisms. There are significant variations in achievable line shapes even within relatively homogenous tissue such as the brain. The achievable linewidth in vivo is also in part driven by the voxel size and shape. For the most useful metabolic information, the voxel size and placement is dictated by the metabolic considerations of the tissue, which can lead to a compromise on achievable line widths. Small molecules have T2 relaxation times on the order of seconds in extracted samples. In brain tissue, T2 relaxation times ranging from 90-140 msec have been measured in vivo at 9.4 T. [6] Under HRMAS conditions, relaxation rates for small molecules in brain tissue are on the order of a few hundred msec.
Other NMR-active nuclei, such as 31 P and 13 C, show potential for providing metabolic information complementary to 1 H MRS. However, they have inherently lower sensitivity, with gyromagnetic ratios 2.5-fold and 4-fold lower than 1 H, respectively. Nonetheless, with the development of higher magnetic fields, many recent studies have demonstrated their utility. The 31 P isotope is naturally 100% abundant, so phosphorylated compounds at mM concentrations can be detected in a matter of minutes. [3b] Due to the 1.1% natural abundance of 13 C, detection in vivo requires the use of 13 C-enriched metabolic substrates. Many of the techniques developed in high resolution NMR for enhanced 13 C detection have been adapted in vivo applications. [7] For these studies, subjects are typically infused with 13 C-enriched substrate for one to two hours with spectral acquisition for 15-30" once steady state enrichment of downstream metabolites is achieved. Of particular interest to metabolic flux measurements is the concurrent development of dissolution dynamic nuclear polarization (dDNP) which has been demonstrated to enhance 13 C signals >10,000 -fold, [8] ushering in an era of real-time measurements of metabolism using 13 C-enriched substrates at conventional magnetic field strengths.
In this minireview, we demonstrate how high field 31 P and dDNP-enhanced 13 C MRS can be combined with 1 H MRS and NMR to develop a more comprehensive picture of metabolism in the brain (Figure 1 ). We specifically focus on these techniques for collecting data as they can capture changes in brain metabolism on the order of a few minutes, a regime of particular interest for understanding metabolic shifts due to acute changes in the brain, including responses to drug administration or changes in glucose levels.
Major brain metabolites
Neurotransmission is regulated via the flow of excitatory amino acids, particularly L-glutamate (Glu) and L-aspartate (Asp), and inhibitory amino acids, primarily γ-aminobutyric acid (GABA), glycine (Gly), and taurine (Taur). Normal brain concentrations are in the mM range readily enabling detection. However their chemical shifts overlap substantially with other brain metabolites in magnetic fields typical for clinical scanners making their quantitation difficult. J-based spectral editing schemes have been successfully developed to distinguish glutamate from its metabolic partner glutamine (Gln) and GABA at these lower fields. [9] At higher fields (9.4 T and above), increased chemical shift separation allows for some spectral deconvolution of the neurotransmitters, enabling quantitation of their relative concentrations. [10] Small organic acids, including Acetate (Ac), Pyruvate (Pyr), Lactate (Lac), and Succinate (Succ), play critical roles in meeting the energy needs of the brain via consumption of glucose (Glc). A phosphocreatine (PCr) / creatine (Cr) balance maintains phosphate levels for ATP generation. Tight regulation of energy conversion ensures that physiologic concentrations of PCr/Cr are maintained at near constant levels. Due to their highly similar methyl proton chemical shifts, PCr and Cr are not easily resolved; their prominent resonances at ~3 ppm are typically highly invariant within brain structures making them an obvious choice, along with select others, for referencing changes in other metabolite concentrations. [11] The organic acids typically have well-resolved resonances, but for reasons discussed below, are often undetectable or unresolved from macromolecules in vivo. Using newly developed dissolution DNP capabilities, their interconversion can be measured in real time. [12] Several abundant small molecule metabolites serve in regulatory capacities. N-Acetyl aspartate (NAA), and myo-Inositol (myo-Ins)) are easily detectable and play roles in osmoregulation, as precursors for neurotransmitters, and in energy storage. With distinct chemical shifts, levels of these metabolites can be estimated in vivo via spectral deconvolution even at clinical fields of 1.5 and 3T. Many studies documenting changes in their concentrations with age and disease have been documented. [13] NAA is commonly reported as a marker of neuronal health while myo-Ins is suggested to indicate glial status. At higher fields, choline (Chol) and phosphocholine (PC) can be resolved as reporters of changes in tissue health.
The branched-chain amino acids Isoleucine (Ile), Leucine (Leu), and Valine (Val) are essential amino acids important for synthesis of neurotransmitters and proteins as well as energy homeostasis. In vivo they are difficult to distinguish from the macromolecular background, but they can be easily quantitated in brain extract samples. The nonessential amino acid Alanine (Ala) can be detected in vivo at higher fields, and has been reported as an indicator of ischemia. [14] 
In vivo detection of metabolites
In vivo NMR spectroscopy is typically referred to as magnetic resonance spectroscopy or MRS. [15] It allows direct observation of in-vivo metabolite levels, and thus provides the most physiologically relevant data of any of the methods considered in this review. However, losses in resolution and sensitivity relative to ex vivo techniques limit the quantitation of specific metabolites. The significant broadening of resonances observed in vivo are due to the slower molecular motions of even small molecule metabolites in semi-solid tissues, local B0 variations driven by magnetic susceptibility differences between tissue types, and local paramagnetic broadening effects of metals and oxygen. While a range of potential nuclei can be observed in-vivo, typically 1 H and 31 P spectroscopy are most common due to sensitivity limitations for other nuclei. Less abundant spin-active nuclei, such as 13 C, are only observed when isotopically enriched metabolic substrates are introduced, and real-time observation is only possibly with hyper-polarization techniques such as dissolution dynamic nuclear polarization (dDNP), discussed below. the gradients applied and the strength of the signals of interest ( Figure 2 ). To fully localize a voxel, at least three rf pulses in conjunction with three orthogonal localization gradients are applied. The exact details depend on the specific sequence used. The width of each excitation slice, Δrs , the final voxel being the intersections of the three slices, depends on the bandwidth of the rf pulse (Δω) and the strength of the applied field gradient (Gslice), and the gyromagnetic ratio (γ).
∆ = ∆
A shaped rf pulse is used to excite the specific bandwidth desired, with the frequency offset of the pulse set to select the position of the slice. Traditionally, basic pulse shapes, such as sinc pulses, have been used as a good compromise between rf pulse length and excitation profile. Most modern spectrometers will calculate more complex pulse shapes on the fly, which generally give improved slice excitation profiles without sacrificing pulse length and excitation bandwidth. [17] Minimal pulse lengths are desired to both shorten echo times and to maximize the excitation or refocusing bandwidth of the pulses. This helps minimize chemical shift offset error (CSO) introduced by all localization sequences. The CSO is a consequence of using signal frequency to spatially select a particular voxel in the sample. [18] Due to chemical shift, different metabolite peaks occur at slightly different frequencies. The difference in frequency is dependent on the B0 field strength of the magnet, and thus issues with CSO increase with magnetic field strength. The CSO essentially causes the signal from different parts of the NMR spectra to be localized to slightly different physical regions of the object. The spatial offset error, ΔrCS, is given by the ratio of the chemical shift difference between a particular metabolite resonance and the rf excitation frequency compared to the bandwidth of the rf pulse.
This error can lead to spectral artifacts, especially when unwanted signals, such as fat surrounding a tissue of interest, are 'shifted' into the observed volume. Ideally, using the highest bandwidth pulses possible will minimize this effect. Outer volume suppression (OVS) can also be used to suppress unwanted signals from surrounding tissues. There are numerous vendor-specific implementations of OVS, which are all based on spatial presaturation methods. [19] Trains of rf pulses are applied coincident with gradients to suppress signals from slices neighboring the voxel of interest. It should be noted that if OVS is used and the CSO is large there can be a significant decrease in signal with respect to chemical shift offset. This is due to the signal being obtained from an essentially decreasing voxel size as the difference in chemical shift from the offset frequency increases. As long as a consistent method and rf bandwidths are used between study subjects, this should not affect conclusions from within a given study. However, comparisons with different localization schemes or methods can be problematic.
1 H in vivo MRS
Due to the homogeneous nature of brain tissue, and the higher rates of molecular motion for small molecule metabolites, one can typically identify ~20-25 peaks at preclinical magnetic fields ( Figure 3 ), which primarily arise from ~15-20 metabolites. The ultimate resolution achievable at high fields for standard 1 H MRS methods is determined by B0 homogeneity, which is dependent on both the voxel placement [20] and shimming capabilities, [10b] and by the local dynamics of the metabolites, as demonstrated below. In Figure 3 
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ChemPhysChem resolved singlets, resolution as good as 0.02-0.025 ppm has been observed for mouse and rat MRS at 9.4 T. [6] However, many metabolite resonances have an underlying multiplet structure due to J-couplings, yielding lineshapes that are typically 0.1 ppm or greater. Due to their similar chemistries and the limited chemical shift range of 1 H NMR, there is typically significant overlap between different metabolite resonances; macromolecules also contribute broad 'background' signals that overlap with the metabolite signals. Lipids can present a challenge to discriminating peaks in the 1 -2 ppm range, due to the large signal from the alkyl chain groups present.
Issues of signal normalization are also present. For comparative studies, it is essential to select a similar voxel position and volume between different subjects, but reproducibility can be limited by variations in animal position and size--signal variations due to coil tuning and positioning are much more significant than for ex-vivo NMR techniques. For this reason, resonance quantitation relies on normalization based on some aspect of the MRS spectra. [21] Common methods of normalization include acquisition of an unsuppressed water signal, normalization to a specific metabolite, or normalization to the 'total' signal.
The first method of normalizing to the water signal from an unsuppressed scan theoretically corrects for differences in coil sensitivity, B1 field, and voxel size. The water content is also independent of metabolic changes that may affect other normalization techniques. Care must be taken to also correct for changes in receiver gain, which are often dynamically altered by modern hardware and can complicate signal normalization between scans. The second method is to normalize to a peak integral within the water suppressed spectra. A relatively high intensity peak such as creatine or NAA is chosen if it is known that the reference metabolite does not to vary between groups under investigation. Care must be taken in the analysis of data normalized in this method. All of the quoted metabolites are technically ratios, and if the chosen metabolite peak does vary significantly, either randomly or between groups, the real metabolic changes may be obscured. Finally, normalization can be done by using all of the identified peaks in the water-suppressed spectra. Normalizing to a total integral over the water-suppressed spectrum is not recommended due to the large overlaps with macromolecular peaks that can vary significantly due to changes in the voxel position and acquisition setup. Instead, normalization with this method should rely on the sum of the individual peaks areas (from either local integrals or peak deconvolution and fitting techniques). Either the sum of all the peaks can be used or a modified version of Probabilistic Quotient Normalization (PQN) [22] can be applied to calculate the most probable scaling factor. This technique requires 10 -15 peaks to produce adequate results, so all of the observable peaks in the 1 H MRS spectra must be included in the analysis.
For 1 H MRS, one of the first considerations for observing metabolites is suppression of the background signal from water, with an effective molarity of ~40 M which is thousands of times stronger than the metabolite concentrations. Water suppression is therefore a necessity for in vivo 1 H MRS. Simple rf saturation of the water signal does not typically work well due to the breadth of the water signal. Instead, many water suppression techniques are based on CHESS (CHEmical Shift Selective saturation) [23] and use a train of frequency selective excitation pulses, coupled with spoiler gradients, to dephase and suppress the water signal. There are many modifications and improvements to the basic CHESS sequence, a full discussion of which is beyond the scope of this article. Many of these sequences are implemented on commercial instruments with some variation between equipment vendors. In a preclinical setting, VAPOR (VAriable Power rf pulses with Optimized Relaxation delays) [6] is the most commonly used water suppression approach. Additionally, many of the protons present in metabolites are in fast exchange with water protons at physiologic pH. For these reasons, 1 H MRS spectra are typically only reported from 0 -4.5 ppm, as resonances above 5 ppm are difficult to quantitate. In brain 1 H MRS, metabolite signals below 4 ppm should be easily resolved with a flat baseline.
As stated above, voxel localization requires a minimum of three slice selective rf pulses. These can take the form of either refocusing or excitation pulses. There are many pulse sequences available for localization in combination with solvent suppression optimized for 1 H MRS, and full reviews of many of the sequences can be found elsewhere. [15, 24] Here we will consider the most common types of sequences for 1 H MRS. These can be broadly divided into sequences based on PRESS (Point RESolved Spectroscopy) and those based on STEAM (STimulated Echo Acquisition Mode). Each sequence comes with a mix of advantages and disadvantages, and no one sequence is optimal for all situations.
PRESS [25] is one of the simplest localization sequences. It has three rf pulses, a slice selective excitation followed by two slice-selective refocusing pulses. Typically, the echo time is relatively long, about 30 msec, and signal loss is primarily due to T2 relaxation. PRESS spectra exhibit significant CSO artefacts, particularly at higher field strengths. This is due to the bandwidth-limited refocusing pulses present in the sequence. The refocusing pulses also lead to a second issue of partial slice excitation. By definition, at the edges of the refocused slice, the proton spins will be excited rather than refocused. This leads to signal loss nearer the edges of the slices as well as significant unwanted excitation outside of the desired voxel. The unwanted excitation can be suppressed through spoiler gradients, phase cycling and OVS, but the signal loss can be harder to attenuate. Alternatives to traditional PRESS have been developed using adiabatic pulses, with LASER (Localization by Adiabatic Selective Refocusing) [26] and semi-LASER [27] now in wide spread use. LASER uses a hard excitation pulse followed by three sets of paired adiabatic refocusing pulses, while semi-LASER compromises with a slice-selective excitation followed by two pairs of adiabatic refocusing pulses. The adiabatic refocusing pulses are use in pairs to prevent phase dispersion which occurs across the slice. There are a number of advantages in using LASER based sequences when compared to traditional PRESS. The adiabatic pulses give excellent refocusing performance across the entire slice, which significantly decrease partial slice excitation issues. They also have a higher excitation bandwidth for a given peak power than traditional RF pulses, which helps to reduce the issues of CSO seen in traditional PRESS sequences. The use of adiabatic pulses has significant advantages when using surface transceive coils, which cannot otherwise produce good refocusing pulses due to their inhomogeneous B1 fields. Adiabatic refocusing pulses should always be used in transceive surface coils for this reason alone. There are however a number of drawbacks when compared to PRESS. The echo times for these sequences are long, typically at least double that seen in PRESS. This is less of a concern at lower fields, when T2 relaxation is typically slower, but can represent a more significant signal loss at higher fields. The total RF deposition of LASER is substantially higher than the PRESS sequence and can present issues related to the allowed specific absorption rate (SAR). Semi-LASER represents a compromise that lowers the amount of RF deposition without losing most of the advantages of LASER. While LASER is certainly to be favored with surface transceive coils, its advantages at higher fields and with volume coils, or volume transmit/ surface receive setups, is less clear. With modern MRS hardware and software, the use of on the fly Shinnar-Le Roux (SLR) calculated complex pulse shapes gives almost as good slice selection properties as the adiabatic hyperbolic secant pulses traditionally used in LASER without the need for paired refocusing pulses and increased echo time. PRESS with complex pulse shapes for optimal selectivity largely obviates the need for LASER and semi-LASER sequences in 1 H MRS for preclinical studies where volume coil setups are readily available STEAM [28] solves one of the main issues with PRESS, the bandwidth limited refocusing pulses, by replacing them with excitation pulses. This leads to the formation of a stimulated echo rather than a double spin echo as seen in PRESS. The stimulated echo allows a much shorter effective echo time, usually < 10 msec, and includes a mixing time, Tm, during which the spins undergo T1 evolution. Excitation pulses can be applied at a much higher bandwidth, reducing CSO issues. While there is signal loss at slice edges due to partial slice excitation effects, it is a less significant issue due to the nature of the stimulated echo. Signal loss during the excitation is from a mixture of T1 and T2 relaxation, and with T1 usually considerably larger then T2 in vivo this can help improve signal to noise for metabolites. However, stimulated echoes suffer one major drawback: ignoring relaxation effects, a stimulated echo only produces 50% of the SNR of a spin echo. At higher B0 fields, with significant CSO issues and shortened T2 for metabolites of interest, STEAM is the more favorable sequence choice despite this SNR penalty. At lower fields, where the overall signal intensity is lower, the CSO is more manageable and the longer T2 of metabolites present less of issue. Thus, PRESS based sequences are preferred. With surface transceive coils LASER or other adiabatic refocusing pulses, should be utilized.
Both sequences have numerous modifications for specific spectral editing purposes, such as DRYSTEAM [29] and MEGA-PRESS [9] . Spectral editing with the MEGA-PRESS sequence is often used to improve identification of GABA concentrations in vivo. GABA has a multiplet at ~3 ppm, which is very susceptible to J modulation. PRESS, and to a lesser extent STEAM due to its much shorter echo times, exhibit J-modulated attenuation of this signal in their resultant spectra due to the J-coupling not being effectively refocused during spin echo sequence. Due to the relatively broad peaks present in vivo, this effect is not immediately obvious in the peak shape, but it still leads to significant signal suppression of multiplets, particularly for GABA. At high fields, the use of STEAM with a short echo time can significantly reduce this effect. However, at lower fields where PRESS is typically used, this is less of a feasible option. A more general approach to combat J modulation is to potentially alter the PRESS sequence with the addition of a perfect echo, as used to good effect in ex vivo spectroscopy discussed below.
The chosen voxel size must strike a balance between SNR, spectral quality, and organ or tissue specificity. The available gradients and rf powers can also limit selectivity, although on most modern systems for preclinical MRS SNR tends to be the limiting factor. In principle SNR will decrease proportionally to the volume of the voxel, thus an isotropic 1-mm 3 voxel will actually have only an 8 th of the SNR of a 2-mm 3 voxel. To obtain identical SNR, 64 times the number of scans would be required. This issue is further complicated by the need for voxel localized shimming. Most modern MRI scanners have multiple automated shimming and field mapping routines that can assist with obtaining an optimal shim. Best practice is to first obtain a basic FID shim on the whole sample, followed by automated B0 mapping focusing on the organ of interest, and finally narrowing down to the specific region of interest. Localized shimming using low order shims on the specific voxel is finally conducted in order to obtain the best line shape. For highest quality spectra, the voxel should not cross any interfaces, i.e. it should reside entirely within the brain. In practice, it is easier to shim on smaller isotropic voxels than larger nonisotropic shapes. In practice, a near isotropic voxel size of 1 -2 mm 3 works well for rodents and allows a specific brain region to be studied while still providing sufficient SNR.
Recent reviews of current practices in high field 1 
ChemPhysChem spectra is LCModel which subtracts out background signals from macromolecules (obtained from a control spectrum) and models the spectral features of various brain metabolites at a given magnetic field based on their known chemical shifts and J-couplings. [30] 2.2 31 P in vivo MRS 31 P is a 100% naturally abundant spin -1/2 nucleus, and thus in principle well suited to MRS experiments. A number of metabolites, such as ATP, NAD and Phosphocreatine, are at mM concentrations in tissue and can be easily detected. The main challenge with 31 P MRS are the inherently very short T2's of in vivo phosphate groups, which are typically < 20 msec and shorten with increasing field strength. This presents a challenge to even the shorter echo time MRS sequences, such as STEAM. For this reason, ISIS (Imaging Selected In vivo Spectroscopy) [31] has been commonly used for 31 P MRS. ISIS is an interesting sequence, as it requires eight separate acquisition scans to be added together in a specific way to produce a fully localized signal. Each of the scans acquires an FID, rather than an echo, based upon inversion recovery sequences; the slice selective refocusing pulses precede a non-selective excitation pulse. The ISIS sequence is not motion tolerant, as it requires accurate summation of the eight scans. It is relatively slow, again due to the need to sum scans. A more recently proposed approach for use in animal models is the use of an OVS selected voxel. Essentially, six interleaved OVS bands can be used to suppress signal from everywhere in the sample except the voxel of interest. A simple non-selective excitation pulse is then used to acquire signal, which produces a pure FID. It is substantially faster than ISIS, and is very tolerant to poor B1 performance. This is important, as 31 P experiments are typically performed using transceive surface coils which inherently have poor B1 homogeneity. Normalization of the signal intensities in a 31 P MRS spectrum is typically achieved via total integration via a specific, invariant resonance, such as phosphocreatine. There are an insufficient number of resonances to use more complex normalization methods such as the PQN. 31 P MRS can be used to measure the pH of tissue by determining the chemical shift difference between inorganic phosphate and phosphocreatine. [32] Of greater interest in metabolic studies are magnetization transfer methods [33] that allow measurement of de novo ATP synthesis from inorganic phosphate (Pi) and the metabolic conversion of ATP to Phosphocreatine to be studied. The γ-ATP resonance is saturated with narrow bandwidth rf pulses. This causes an associated change in the Phosphocreatine signal, which is related to the conversation rate of ATP to PCr. The OVS selected voxel localization method is particularly suited to these techniques, as it does not require the summing of eight separate scans used by ISIS. As MRS progresses to higher magnetic fields, the possibility of resolving α-ATP, NADH, NAD+ becomes possible. [34] At 11.1 T, we note that these resonances are not clearly resolved but can be deconvoluted using published chemical shifts and J couplings (Figure 3 ).
Dissolution Dynamic Nuclear Polarization (dDNP) to monitor metabolic flux
Although 13 C NMR has the possibility to provide key insights into metabolism in vivo, it is inherently insensitive due to the low gyromagnetic ratio () of the carbon nuclei in addition to the 1.1% natural abundance of the magnetically active 13 C isotope. dDNP is a methodology that overcomes the inherent SNR limitations of 13 C and is rapidly enabling 13 C MRS as a cost effective and clinically applicable alternative to PET modalities for tracking metabolic flux because of three major benefits: the ability to observe downstream metabolic products, a much faster tracer clearance time, and no exposure to radioactive isotopes of CT irradiation. [35] Carbon hyperpolarization is necessary for in vivo metabolic flux measurements via MRS due to the large amount of signal averaging that would otherwise be required to 10.1002/cphc.201800917 Accepted Manuscript ChemPhysChem overcome the inherent insensitivity of the 13 C isotope. dDNP enables carbon polarization enhancement which is more than four orders of magnitude compared to thermal equilibrium for in vivo 13 C MRS. [8, 36] This is achieved by transferring polarization from high  spins (unpaired electrons) to low  nuclei ( 13 C) in a metabolic substrate at low temperature (~1-2 K) via microwave irradiation. This polarization can be retained while the polarized sample is subsequently dissolved in heated buffer and injected into a subject. The polarized metabolite can then be observed in vivo as it is metabolized into wellcharacterized products. This technique enables the measurement of metabolic flux in real time due to drastically increasing the SNR for a specific polarized 13 C nucleus. The significant gain in SNR by DNP is transient and decays as a function of nuclear T1 time. Therefore, isotopically enriched carbonyl carbon groups are often selected due to their longer relaxation times. [37] Because of the temporal constraint on DNP observation, which is especially apparent in vivo, biochemical kinetics can only be modeled through a limited number of enzymatic steps. This is both advantage and a disadvantage in monitoring the TCA cycle as the hyperpolarized substrate is only observable in a single turn while multi-turn isotopomer contributions can be ignored due to the relaxation timescale. Another limitation of DNP is that substrate hyperpolarization is on the order of hours while NMR observation is on the order of minutes so most hyperpolarization experiments are single shot experiments and are not under true steady state tracer conditions.
Numerous substrates have been the target of polarization studies because of their potential as biological tracers for in vivo applications and to study their inherent NMR properties, and optimal radical and 13 C substrate concentrations have been well characterized and optimized for maximum polarization in the solid state for many compounds. [38] To date, the most studied substrate using dDNP and 13 C MRS is the [1-13 C] pyruvate as it has a relatively long carbon T1 relaxation time (a necessity for retaining polarization during the melting and 13 C MRS process), it is naturally self-glassing, [39] and it plays a central role in metabolism. After dissolution, pyruvate and its metabolic substrates retain sufficient polarization for monitoring via 13 C MRS for 2-5 minutes.
Multiple products are observed in a typical dDNP pyruvate experiment (Figure 4) , and pyruvate-tolactate conversion, in particular, can provide a semi-quantitative indicator of intracellular glycolytic production through lactate production. Lactate production is an especially important biomarker for cancer diagnosis though the "Warburg Effect". [40] In the healthy brain, lactate in an important indicator of high glycolytic metabolism, furthermore, there has been significant evidence that lactate is exchanged between astrocytes and neuron though the "Lactate Shuttle". [41] This shuttle is a dynamic intercellular coupling by which the astrocytes supplement neuronal oxidative function through the lactate intermediate. Although dDNP has not been shown to be able to discriminate cellular compartmentalization of the lactate pools, hyperpolarized lactate production could offer global insights into the lactate shuttle paradigm. This is especially the case when lactate production is compared to hyperpolarized bicarbonate pool, which is a product of oxidative pyruvate dehydrogenase (PDH) activity. Due to the transient nature of polarized 13 C signals, rapid acquisition multiple one-dimensional 13 C spectra is necessary for observation tracking of conversion and accurate kinetic modeling. Conversion of pyruvate to lactate can be modeled using simple first order kinetics, taking into account T1 relaxation of 13 C polarization and the use of small tip angle rf "read" pulses ( Figure 4 ). Although this basic model is appropriate for simple comparison of different metabolic states, models that are more complex have also been described. [42] These alternative kinetic models account for multiple physical compartments, intercellular/extracellular transport, and bidirectional kinetic exchange. 
Quantitation of metabolites in tissues via high resolution magic angle sample spinning (HRMAS)
In-vivo 1 H MRS techniques are non-invasive, and provide the most comprehensive, physiologically relevant data on metabolic activity in the brain of any MR method. However, significant line broadening is observed for in-vivo spectra, due in large part to magnetic susceptibility broadening as well as the reduced molecular motion which occurs in the semi-solid environment of the brain tissue. [43] Reduced molecular motion leads to only a partial averaging of dipolar couplings and chemical shift anisotropies. [44] Excised tissue, particularly brain tissue due to its semi-solid nature, is ideal for study via High Resolution Magic Angle Spinning (HRMAS) techniques. [45] HRMAS involves the use of a specialized NMR probe that can spin the tissue, packed into a rotor, at the magic angle of 54.7 ° relative to the main magnetic field, B0. Modern HRMAS probes represent a hybrid between traditional MAS probes developed for solid-state NMR applications and solution-state NMR probes, as they typically have a stator for tight control of the rotor spinning frequency and angle combined with a deuterium lock channel and a gradient coil that is orientated along the axis of rotation. They are designed to deliver radiofrequency fields typical of solution NMR pulse sequences, as small molecules have sufficient motion in tissues to reduces dipolar couplings and chemical shift anisotropies to on the order of a few kHz. Thus, when tissues are spun fast enough, the MAS rate is sufficient to remove the residual broadening of these interactions in addition to removing magnetic susceptibility broadening. The net effect is spectra in which small molecules exhibit sharp resonances while more immobile macromolecules contribute to broad peaks underlying these resonances ( Figure 5 ). Typically, a sample volume of < 100 μL is used and spinning rates are lower than those used in traditional MAS methods, with rates of up to 5 kHz or even lower for particularly fragile samples. [46] For a well-shimmed brain tissue sample, line widths approaching those seen in a solution state sample can be achieved for small molecule metabolites, typically about 0.005 PPM. This allows for robust identification and quantitation of a significantly greater number of metabolites than in in-vivo MRS while still studying relatively intact tissue. An additional benefit is HRMAS probes are compatible with conventional NMR systems, and data can be collected at fields up to 23.5 T (1000 MHz 1 H).
Sample preparation is important in obtaining the highest quality spectra from HRMAS. The first step of tissue harvest is most important for biological reproducibility and requires extensive training for proficiency. Because the brain is encased in the skull, isolation of the region of interest without damaging the tissue must be performed carefully, but also rapidly enough to prevent severe hypoxia. This procedure is typically performed using a guillotine and surgical scissors followed by careful dissection of the region of interest and rapid flash freezing of the tissue in liquid nitrogen for storage at -80 C prior to collection of NMR data. [47] Accuracy in dissection is paramount, and use of a brain atlas and dissection matrix is recommended. [48] HRMAS probes have a range of rotor sizes, but 4 mm rotors are a typical diameter and hold < 100 μL of sample. Tissues are typically packed into single use Kel-F rotor inserts ( Figure 5 inset) . These have a number of advantages, despite decreasing the sample volume, and thus in principle the SNR, to 50 μL or less. They allow a higher throughput of samples, as the rotors do not need extensive cleaning between samples, they reduce the chance of contamination between samples, and they enhance containment of tissues that are biohazardous. More importantly, they confine the tissue to the center of the rotor, which greatly improves the ease of shimming and helps eliminate some of the poor line shape issues sometimes observed with HRMAS. The inserts are loaded with a tissue plug such that no trapped air 10 .1002/cphc.201800917
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ChemPhysChem bubbles are present. It is possible to use a narrow gauge syringe to remove any air bubbles after the tissue is loaded into the insert. D2O is added to the sample at this point to provide a lock signal, but is minimized to prevent leaching of metabolites from the tissue to the surrounding D2O. Typically 5 -10 % D2O by volume is sufficient. The insert is then sealed, again ensuring no are bubbles are present, and placed inside the MAS rotor.
Typically, samples are spun at rates up to 5 kHz and at temperatures of 2 -4°C to minimize further degradation of the tissue. Samples must be individually shimmed to provide the best results. Automated shimming protocols based on the lock signal can be used as a starting point, but may be of limited use as the majority of the deuterium lock signal is from outside the tissue, rather than the sample regions containing the metabolites. Shimming on the water signal can also be misleading, but provides a useful starting point if no other method is available. Once the lower order shims have been adjusted based on the water signal, it is best to shim using a resonance from a relatively concentrated metabolite that produces a singlet peak in the tissue spectrum. Typically, either the Creatine (~3 ppm) or NAA (~2 ppm) peaks are used in brain tissue samples. A simple presaturation water suppression sequence can be used, and then the shims optimized on either of these peaks. The line width and symmetry of the line shape should be considered, but it is also important to minimize any tails or shoulders which occur on the peaks, as they can hamper later analysis of the metabolite composition in the tissue.
The main challenges in choosing an NMR sequence are twofold: The choice of water suppression technique and how to deal with broad macromolecule 'background' peaks. The water peak must be suppressed in order to obtain good spectra of the metabolites, but ideally the chosen technique will not significantly affect regions of the spectra containing signals from the metabolites. There are a number of review articles that deal with the many different suppression techniques available, [21] and most will produce adequate results in HRMAS of brain tissue samples. In practice, since the NMR signals from the metabolites of interest largely lie below 4.2 ppm, full suppression of the water peak is not required. Simple water presaturation-based sequences provide adequate results, although care must be taken in choosing an appropriate presaturation power to avoid signal suppression of metabolite peaks closer to the water peak, which will affect quantitation. More complex sequences, such as WATERGATE based options, can lead to differential diffusion weighting of the metabolite peaks.
Biological macromolecules, such as DNA, lipids, and proteins, present in the brain tissues are not as averaged by molecular motions compared to small molecule metabolites, and thus exhibit broad 'background' peaks in HRMAS spectra, which, if not attenuated, will limit quantitation of the metabolites. There are two main methods for handling these unwanted signals. The first is to acquire a largely unfiltered 1D 1 H NMR spectra of the brain tissue using a 1D NOESY sequence. [47, 49] This gives an improved baseline over the standard pulse acquire sequence, but still includes large contributions from the macromolecules present. The unwanted broad peaks are then removed in the processing step, essentially by fitting broad peaks to them, either using something as simple as cubic spline regression or a more complicated peak fitting algorithm. The remaining small metabolite peaks can then be analyzed after subtraction of the macromolecule peaks. The main issue with this technique is the large variability which can occur between spectra in removing the macromolecule peaks while leaving behind 'clean' small metabolite spectra. The second method is to suppress the macromolecule signals during NMR acquisition. This is done using a T2 filter, most typically using a CPMG sequence. [50] The macromolecules have significantly shorter T2's than the small metabolites, so applying a T2 filter of ~10 -20 msec significantly suppresses the unwanted peaks. There is an SNR penalty introduced compared to the pulse 10 .1002/cphc.201800917
ChemPhysChem acquire or 1D NOESY sequences, as well the introduction of T2 contrast. Depending on the analysis performed, this may not be an issue especially in comparing similar or identical tissue types. For improved quantitation, T2 correction can be optimized for various metabolites. This can be done by acquiring several T2 filtered spectra on the same sample with different echo times, although this does increase the total acquisition time per sample. A significant drawback of the CPMG sequence for analyzing mixtures of metabolites is the J modulation that occurs during the refocusing echoes, [51] which has a significant effect on subsequent data analyses. To reduce J modulation, the time between refocusing pulses can be shortened, but this can lead to sample heating due to the larger amount of radiofrequency energy deposition. In practice, an inter-echo time is chosen that experimentally gives the least obvious issues with J modulation for metabolites of interest. An alternative sequence, Periodic Refocusing of J Evolution by Coherence Transfer (PROJECT), [51b] initially proposed for use in solution NMR experiments (below), has successfully been demonstrated in low-rotational rate HRMAS experiments on delicate tissues. [46] It essentially introduces additional excitation pulses interspersed in the echo train and applied at a 90° phase offset relative to the original excitation pulse. The concept is based on 'perfect' echoes. [52] These additional pulses are intended to 'refocus' the J coupling evolution which underlies the original CPMG sequence. Here, we suggest its general applicability as a replacement to CPMG-based T2 filters for all HRMAS experiments. The specific implementation of the PROJECT sequence we use has an extended phase cycle that improves its robustness for slightly miscalibrated radiofrequency pulses. The PROJECT sequence provides identical T2 filtering, with no additional SNR penalty and a minimal increase in rf energy deposition compared to the traditional CPMG sequence.
With a properly prepared sample, HRMAS can produce spectra with a resolution approaching that seen in a solution state spectrum of a polar extract while retaining the physiological relevancy of intact, albeit deceased, tissue. While there are some unavoidable changes in metabolite pools which occur when the animal is sacrificed, such as the large production of lactate due to hypoxia, HRMAS of tissues still provides an excellent compromise between the loss of signal resolution seen in-vivo and the potential loss or conversion of metabolites when preparing highly processed polar extracts.
Quantitation of metabolites via high resolution NMR of tissue extracts
Of all the NMR technique we discuss, ex vivo extraction based analysis is the most quantitative, due primarily to the superior line shapes and higher resolution afforded by removal of macromolecules. Additionally, solution state NMR approaches enjoy the technical benefits of high, homogeneous magnetic fields, high throughput, and excellent reproducibility. NMR of extracted biological samples also has additional advantages over mass spectrometry-based small molecule profiling, as it is nondestructive and can identify positional labeling of isotopomers. [53] Furthermore, extract NMR can also be applied to almost any biological sample including blood, CSF, tissue, efferent tissue perforate, etc. Although classical solution state NMR remains the gold standard of NMR based small molecule profiling, there are significant limitations that should be considered. Compared to HRMAS and in vivo approaches, extract NMR is the most static measure of metabolism and the furthest removed from a natural biological state. Furthermore, as a part of the extraction process, there are additional risks of degradation, oxidation, or loss of volatile compounds and relative amounts of metabolites can strongly vary across different extraction protocols.
Broadly speaking, brain extract NMR has five basic steps: rapid tissue dissection (as described above for HRMAS of tissues), flash freezing of the tissue, pulverization of the tissue, extraction of polar and/or 10.1002/cphc.201800917
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ChemPhysChem nonpolar metabolites, reconstitution of the metabolites in a defined solvent system, and NMR acquisition. Pulverization is typically accomplished by first grinding the frozen tissue in a mortar and pestle then homogenizing it using a hand held or bead homogenizer. [47] Here, we focus on a standard extraction of polar metabolites that is commonly used for isolating metabolites of interest to brain metabolism. Polar metabolites are extracted by suspending the pulverized tissue in a solution that contains equal volumes of chloroform, methanol, and water at 20 C followed by centrifugation to remove the insoluble macromolecule fraction. To minimize oxidation of redox enzymes (NADPH, NADH), the solvents can be degassed with argon or helium. [54] The water-containing phase is then lyophilized to dryness and stored at -80 C until NMR analysis is performed. Just prior to NMR acquisition, samples are reconstituted in degassed, buffered D2O (generally phosphate buffered saline) at neutral pH, with an internal NMR standard (TSP or DSS) added to a final concentration of 1-0.5 mM. NMR pulse sequences optimized for metabolomics analyses, discussed below, enable reproducible quantitation of metabolites while removing signals for residual macromolecules. If sample preparation protocols are consistently followed, metabolomics profiling by solution state NMR is a robust and reproducible technique that is quantitative and can complement HRMAS and in vivo spectral characterization due to well-resolved chemical shifts and J-couplings. Furthermore, because of the lyophilization step after extraction, water contamination is nominal, allowing for near-complete suppression of the water resonance and quantification of metabolomics resonances, such as glucose, very near to water. The dynamic range of solution NMR at high field enables quantitation of both major and minor metabolite species, with lower detection limits in the micromolar range.
The two gold standard pulse sequences for NMR based metabolomics are the 1D nuclear Overhauser enhancement spectroscopy (NOESY) sequence and the T2-weighted Carr−Purcell− Meiboom−Gill (CPMG), both with presaturation for water suppression. [47] Extraction of the cerebral tissue prior to NMR acquisition removes a majority of the non-polar compounds with short T2's and reduces the need for a T2-filtered approach. Nonetheless, due to residual lipids remaining, often a T2-filtered approach should be considered to improve the quality of the NMR spectra. Although the CPMG sequence has been a well-regarded approach for decades for characterizing lipid-rich samples, such as brain tissue extracts, recent modifications developed to correct for homonuclear J-modulations during the refocusing echo train have improved this technique for quantifying mixtures of metabolites. As discussed for its use in HRMAS studies, the PROJECT sequence quenches J-modulation artifacts by inserting a 90° pulse at the center of a double spin echo loop of the CPMG sequence [51b] and has been rapidly adopted in metabolomics analyses.
Removal of macromolecules, spectral editing using T1 and/or T2 filters, superior water suppression, and high magnetic field homogeneity enable baseline resolution of many metabolite and ease of spectral deconvolution for more congested regions of the solution NMR spectra. Recent work on blood and urine samples has demonstrated the sensitivity of spectral assignments to buffer conditions, but with uniform buffer conditions or spectral determination of small changes in pH and ion concentrations, dozens of metabolites can be assigned and quantitated in an automated fashion. [55] As demonstrated in Figure 5 , all the major brain metabolites are easily identifiable by inspection of a typical 1 H NMR spectrum from a brain tissue polar extract. Spectral deconvolution allows quantitation and comparative analyses across samples. At fields of 14.1-18.8 T (600 -800 MHz 1 H), the majority of metabolite resonances are resolved into simple multiplets, the primary exceptions being Gln and, to a lesser extent, Glu amino acids due to overlap of the sidechain chemical shifts. This overlap necessitates consistent buffer pH across samples to prevent shifts in resonances affecting their ABX patterns. [56] 6. Brain metabolite standards for methods optimization and quality control In order to optimize existing methods, to ensure reproducibility in quantitation over time and among instruments, and to develop new techniques, a high quality MRS phantom for brain metabolites is required. Ideally, it should replicate many of the features found in real samples, but with predetermined properties, such as metabolite concentration, pH and buffering, salt concentrations, and molecular diffusion rates. This enables facile evaluation of newly developed sequences or analysis methods and instrument performance can be checked against a known sample. Traditionally, MRS sequences are qualified using a phantom based on "Braino". [57] Braino is a solution developed by GE for testing of human MRI scanners that contains eight of the highest concentration, and hence most easily detected, metabolites in the brain (Table 1) . Metabolite concentrations approximate to those seen in the brain are dissolved in buffer with a chemical shift reference, such as TSP, and gadolinium is added so that the metabolite relaxation times are near to those found in brain tissue. Braino is ideal for basic coil performance testing, but lacks many of the more complex features seen in real brain tissue and extract. As a simple solution, it also lacks the broader resonances seen in-vivo or in brain tissues via HRMAS.
With few overlapping resonances, its potential for testing more advanced sequence, peak fitting, and deconvolution methods is also limited ( Figure 6 ). Due to these limitations, we have developed a more complex mixture that we call "Braino 2.0" (Table 1) . It increases the number of metabolites to 12, to more accurately reproduce the major spectral features seen brain extract spectra. The metabolite concentrations are derived from the metabolite ratios found via HRMAS NMR analysis of brain tissue from healthy Sprague Dawley rats ( Figure 5 ), but are rounded to the nearest 0.5 mm in order to simplify the Brain 2.0 recipe. Both Braino and Braino 2.0 can be made with the acid or salt forms of the metabolites, as long as the final mixture is neutralized to physiological pH. The basic Braino 2.0 mixture is suitable for testing solution state sequences and spectral fitting routines. However, for testing of potential in-vivo sequences we add a thickening agent to the solution. By increasing the viscosity of the mixture, the molecular diffusion rates of the small metabolites are decreased so that their resonances more closely mimic those observed via in vivo 1 H MRS. Sodium alginate is a particularly suitable thickening agent as the majority of its NMR resonances occur > 4 ppm, so they do not significantly overlap with the spectral regions used to quantify brain metabolites. It also does not require the resulting gel to be set or polymerized, and it is stable over a timescale of days to weeks. Over longer periods of time (months to years) the alginate chains can break down, reducing the viscosity of the gel. The concentration of alginate can be varied depending on the degree of broadening required and use of a thickening agent, rather than a relaxation agent, to increase spectral linewidths better mimics the line broadening mechanisms seen in relatively homogenous brain tissue. Thus, the "Braino 2.T" solution represents an ideal standardized imaging phantom for development and refinement of in vivo MRS sequences, while maintaining the reproducibility of metabolite concentrations seen in basic Braino phantoms.
Comparison of results from magnetic resonances approaches at 11.1 -14.1 T
A few studies have been published comparing in vivo data to HRMAS spectra [58] or HRMAS and extract spectra [59] for particular biological tissues. To our knowledge, this perspective is the first comparing all three types of 1 H data in the same tissue type and conconcurrently evaluating information regarding metabolism achievable using 13 C dissolution DNP data and 31 P MRS data for similar timescales. By comparing the in vivo data from Figures 3 and 4 with the ex vivo data from Figure 5 and phantom data from Figure 6 , several interesting insights emerge regarding how to quantitate particular metabolism pathways in the brain and future prospects for in vivo MRS at high fields. In Figure 7 we summarize the major metabolites which can be directly integrated or deconvoluted and quantified, rather than fit using model values for known metabolites, on progressing from real-time in vivo measurements, to longer scale in vivo experiments, to ex vivo tissue and ultimately tissue extracts.
The major neurotransmitters are all clearly visible via 1 H MRS, but, due to their overlapping chemical shifts, Glu, Gln, and GABA remain difficult to quantify at 11.1 T. Asp is clearly distinguished even though it is present at a much lower concentration. Gly cannot be deconvoluted due to strong overlapping signals from myo-Ins. Taur can easily be tracked given its strong signal at ~3.4 ppm. All the neurotransmitter signals can easily be deconvoluted and quantified from either extract NMR or tissue HRMAS spectra. monitor pyruvate conversion via dDNP stands out, as none of the other methods are able to quantify steady state levels of pyruvate. This is likely due to a lack of resolution for 1 H MRS, but for ex vivo methods tissue hypoxia leads to almost complete conversion of pyruvate to lactate, even with efficient tissue harvesting methods, emphasizing the high energy needs within functioning brain tissue. Thus, any comparisons of pyruvate and lactate pools or conversion rates should rely on in vivo methods. In quantifying Ac, it is interesting to note the resonance is at just below 1.9 ppm in the extract NMR spectrum, but is at ~1.91 ppm in the HRMAS spectrum. This shift is due to differences in pH. Of more consequence to metabolite quantitation, the Ac peak is attenuated in the extract spectrum due to sublimation during the lyophilization step in sample preparation. In comparing HRMAS and extract NMR spectra, Succ displays the most unusual behavior-it is completely missing from the HRMAS spectrum while clearly visible in the extract NMR spectrum. This is likely due to Succ in the mitochondria being bound to or in close proximity to the metalloenzyme succinate dehydrogenase or other respiratory enzymes.
For monitoring energy balance, 31 P MRS at 11 T can clearly monitor ATP vs PCr levels. More intriguingly, while NADH and NAD+ are not fully resolved from the α-ATP peak, modeling of the NADH, NAD+ resonances using published studies on their field dependence [60] suggests they can be quantified. Similarly, recent work has shown redox potentials can be monitored in human brain at 7 T. [61] These results indicate that combining 31 P MRS with 1 H MRS and potentially 13 C dDNP at 7 T is likely to give unprecedented insights into metabolism in the human brain and changes with development, aging, and disease. Similarly, while NAA and myo-Ins are distinguishable in 1 H MRS at lower magnetic fields, at fields of 7T and above their measurements becomes more quantitative and thus can provide complimentary insights on osmoregulation and energy storage.
Finally, we note glucose and branched-chain amino acids (Ile, Leu, and Val) are only distinguishable in NMR of extracted tissue. While it is unlikely they will they will become quantifiable in 1 H MRS at 7-14 T using current methods, we note that new techniques which overcome dipolar couplings and J modulation in vivo may enable their measurement using model-based fitting routines, such as LCmodel.
Neither in vivo MRS nor ex vivo NMR techniques can fully elucidate questions regarding small molecule brain metabolism. Here, we have discussed a range of ex vivo and in vivo MR techniques that provide complementary data. Instead of focusing on a single methodology, one can integrate data from all of these methods to produce a better cross section of information regarding brain metabolism, both in terms of steady-state metabolite pools and metabolic flux in order to better answer questions regarding brains metabolism. With future improvements to available hardware, pulse sequences and computer analysis techniques, ever more subtle changes in brain metabolism can be observed.
Figure Captions
TOC Figure: Comparison of 1 H chemical shift spectra for the cortex region of a rat brain collected in vivo, after harvesting tissue and using HRMAS, and upon extracting small molecule metabolites from the tissue and reconstituting them in buffer for conventional NMR spectroscopy. In vivo data collected at 11.1 T (470 MHz); ex vivo data collected at 14.1 T (800 MHz). Figure 2 while the 31 P voxel encompasses almost then entire brain. Major brain metabolites are highlighted and are abbreviated as indicated in the text. Also shown are example spectral deconvolutions using a simple gaussian-lorentzian peak fitting algorithm for quantitation and the residual error between the experimental spectrum and the peak fits. No background correction has been performed, and a more refined fit could be achieved using the LCmodel. The 1 H spectrum is a STEAM sequence acquired at 470 MHz with 128 scans, an echo time of 5.6 ms and a recycle time of 2 s. The 1 H MRS voxel size is 6.9 × 2.6 × 5.0 mm (~90 μl) and covers the cortex. The 31 P spectra is also acquired on the same instrument using an ISIS sequence with 64 scans (8 complete ISIS scans) and a repetition time of 2 s. The 31 P MRS voxel, 14.1 x 9.4 x 28.1 mm (~3.7 mL), approximately covers the entire brain. Figure 4 : 13 C MRS spectrum after injecting polarized [1-13 C] pyruvate into a rat brain. The associated invivo brain kinetics monitored for conversion of polarized Pyr to Lac are also shown. The 13 C spectra were localized using a small surface coil placed adjacent to the brain on the rat's head. The repetition time was 1 s with a nominal 10° excitation pulse. Figure 5 : Comparative 1 H NMR spectra at 14.1 T from rat tissue via HRMAS and from tissue extract via conventional solution NMR. Spectra were acquired using a 600 MHz Bruker AVIIIHD NMR spectrometer. Major metabolites are highlighted and are abbreviated as indicated in the text. The HRMAS data was acquired on 20 mg of cortex tissue spinning at 5 kHz in a 4 mm rotor at 4 °C using a CPMG sequence with 128 scans, an effective echo time of 30 ms and a recycle time of 5 s. The extract NMR spectrum was acquired on extracted metabolites from 75 mg of tissue reconstituted in 500 μL of buffer using a 1D NOESY water presaturation sequence, with 32 scans and a recycle time of 5 s and a mixing time of 100 ms. Inset: HRMAS rotor and sample insert for tissue containment. T. See text and table for details on composition. Spectra were all acquired using a 5 mm solution NMR probe at 11.7 T using a Bruker 500 MHz AVIIIHD system. Automated gradient shimming was performed on all samples. All spectra were acquired at 25 °C with a water presaturation sequence. 32 scans were acquired with a recycle time of 3 s. Figure 7 : A simplified schematic map of neuron and astrocyte metabolism in the brain with metabolites color-coded for MR technique by which they can first be quantified using simple spectral deconvolution on progressing from in vivo to ex vivo methods. Lac (*) indicates the unusually high amounts seen ex vivo due to hypoxia. Figure 3 : 1 H and 31 P MRS spectra within a rat brain at 11.1 T acquired on an AVIIIHD Bruker horizontal imaging system. 1 H voxel is shown in Figure 2 while the 31 P voxel encompasses almost then entire brain. Major brain metabolites are highlighted and are abbreviated as indicated in the text. Also shown are example spectral deconvolutions using a simple gaussian-lorentzian peak fitting algorithm for quantitation and the residual error between the experimental spectrum and the peak fits. No background correction has been performed, and a more refined fit could be achieved using the LCmodel. The 1 H spectrum is a STEAM sequence acquired at 470 MHz with 128 scans, an echo time of 5.6 ms and a recycle time of 2 s. The 1 H MRS voxel size is 6.9 × 2.6 × 5.0 mm (~90 μl) and covers the cortex. The 31 P spectra is also acquired on the same instrument using an ISIS sequence with 64 scans (8 complete ISIS scans) and a repetition time of 2 s. The 31 P MRS voxel, 14.1 x 9.4 x 28.1 mm (~3.7 mL), approximately covers the entire brain. 10 .1002/cphc.201800917
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ChemPhysChem Figure 4 : 13 C MRS spectrum after injecting polarized [1-13 C] pyruvate into a rat brain. The associated invivo brain kinetics monitored for conversion of polarized Pyr to Lac are also shown. The 13 C spectra were localized using a small surface coil placed adjacent to the brain on the rat's head. The repetition time was 1 s with a nominal 10° excitation pulse. 10 .1002/cphc.201800917
ChemPhysChem Figure 5 : Comparative 1 H NMR spectra at 14.1 T from rat tissue via HRMAS and from tissue extract via conventional solution NMR. Spectra were acquired using a 600 MHz Bruker AVIIIHD NMR spectrometer. Major metabolites are highlighted and are abbreviated as indicated in the text. The HR-MAS data was acquired on cortex tissue spinning at 5 kHz in a 4 mm rotor at 4 °C using a CPMG sequence with 128 scans, an effective echo time of 30 ms and a recycle time of 5 s. The extract NMR spectrum was acquired using a 1D NOESY water presaturation sequence, with 32 scans and a recycle time of 5 s and a mixing time of 100 ms. Inset: HRMAS rotor and sample insert for tissue containment. 10 .1002/cphc.201800917
ChemPhysChem Figure 6 : Comparison 1 H NMR spectra of Braino, Braino 2.0, and Braino 2.T. See text and table for details on composition. Spectra were all acquired using a 5 mm solution NMR probe at 11.7 T using a Bruker 500 MHz AVIIIHD system. Automated gradient shimming was performed on all samples. All spectra were acquired at 25 °C with a water presaturation sequence. 32 scans were acquired with a recycle time of 3 s.
